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Prev ious ly  we were  able  to s h o w  tha t  purif ied c a i m o d u l i n s  f r o m  ver tebra tes ,  p l a n t s  [ sp inach )  and  the  m o l d  Neurospora crassa can  be covalent ly  
c o n j u g a t e d  to  u b i q u i t i n  in a Ca~*-dependent  m a n n e r .  It  w a s  :here fore  pe r t i nen t  to  a n s w e r  the  que s t i on  i f a  t issue ext rac t  c o n t a i n s  all the c o m p o n e n t s  
necmssary f o r  the e n d o g e n o u s  syn thes i s  o f  ub iqu i ty l  c a l m o d u l i n  ( uCa M) ,  T h e r e f o r e  [;2~I]ubiquitin. A T P / M g  2÷ a n d  Ca z* were  a d d e d  to  t i ~ u e  ex t rac t s  
en r i ched  b y  a single ion exchange  step.  in  such  ex t rac t s  o f  red b l o o d  cells, skeletel musc le  a n d  testis a novel ub iqui t in  con juga t e  o f  27 29 k O a  is 
fo rmed .  Tlh;.s novel  b a n d  c o u l d  be  identif ied as  u b i q u i t y l - c a l m o d u l i n  by  the  I',~llowing m e t h o d s :  (i) identical Re-value o f  novel  c o n j u g a t e  a n d  s t a n d a r d  
u C a M  in S O S - P A G E ;  (ii) Ca2~-dependent  c o n j u g a t e  f o r m a t i o n ;  (iii) C~Y÷-deDendent a d s o r p t i o n  to f luphenaz ine -Sepharose ;  (iv~ Ca~÷-dependent  
mob i l i t y  c h a n g e  o f  the novel  c o n j u g a t e  d u r i n g  S O S - P A G E ;  a n d  (v) inh ib i t ion  o f  c~mjugate b a n d  f o r m a t i o n  by phosphory la ' . g  kinase.  These  
e x p e r i m e n t s  clearly d e m o n s t r a t e  tha t  ub iqu i ty l  c a l m o d u l i n  can be endogenoug ly  genera ted  in enr iched cellular  ex t rac ts  and  s t r o n ~ y  indicate  tha t  

th is  reac t ion  is o f  i m p o r t a n c e  in vivo. 

C a l m o d u l i n :  Ub iqu i t i n ;  Ca lmodu l in -  ub iqu i t in  con juga te ;  P ro t c in -ub iqu i t i na t ion :  A T P - d e t ~ n d e n t  proteolys is ;  T r imc thy l  lysine 

! .  I N T R O D U C T I O N  

U b i q u i t i n ,  a h e a t  s t a b l e  p o l y p e p t i d e  o f  8 . 5  k D a ,  h a s  
b e e n  s h o w n  t o  be  i n v o l v e d  in  c o v a l e n t  m o d i f i c a t i o n  
ree_~.tions in e u k a r y o t i c  c e l l s  ( f o r  r e v i e w s  s e e  [1 .2]) .  P r o -  
t e i n s  w h i c h  have.  b e e n  d e t e c t e d  a s  m o d i f i e d  in  v i v o  in -  
c l u d e  h i s t o n e  ( u H 2 A )  [3], a c t i n  ( a r t h r i n )  [4],  p h y t o -  
c h r o m e  [5] a n d  r e c e p t o r s  [6,7] .  A l t h o u g h  t h e  d e t e c t i o n  
a n d  i s o l a t i o n  o f  t h e s e  c o n j u g a t e s  f r o m  t i s s u e s  i n d i c a t e s  
a h i g h  s i g n i f i c a n c e  o f  t h e  pr~ , te in  m o d i f i c a t i o n s  f o r  t h e  
c e l l ,  m u c h  is  s t i l l  : , ,  b e  l e a r n e d  o n  t h e i r  s y n t h e s i s  a n d  
b i o l o g i c a l  f u n c t i o n .  

P r e v i o u s l y  [8--12] w e  h a v e  s h o w n  t h a t  v e r t e b r a t e ,  
p l a n t  a n d  m o l d  ~ : a l m o d u l i n s  c a n  b e  c o v a l e n t l y  c o u p l e d  
t o  u b l q u i t i n  in  t a e  p r e s e n c e  o f  C a  2÷ a n d  A T P / M g  2÷ b y  
u b i q u i t y l - c a l m o d u l i n  s y n t h e t a s e  ( u C a i - s y n t h e t a s e )  
f r o m  m a m m a l i a n  t i s s u e s ,  f o r  w h i c h  a s p e c i f i c  a f f i n i t y -  
b a s e d  a s s a y  h a s  !3een d e s c r i b e d  [9]. T h e  c a l m o d u l i n s  are  
m u l t i p l y  u b i q u i t i n a t e d  at  a s i n g l e  s i te  l e a d i n g  t o  a p o l y -  
u b i q u i t i n  ta i l  [ 1 ! , 1 2 ] .  E v i d e n c e  h a s  b e e n  p r e s e n t e d  t h a t  
o n l y  t h e  f ree  f o r m  o f  c a l m o d u l i n  c a n  b e  m o d i f i e d  [9].  

H o w e v e r ,  a l l  o f  t h e s e  f i n d i n g s  h a v e  b e e n  m a d e  w i t h  
p u r i f i e d  isolate(~ c a l m o d u l i n s  u n d e r  in  v i t r o  c o n d i t i o n s  
a n d  u n t i l  n o w  it h a s  n o t  b e e n  p o s s i b l e  t o  d e t e c t  u b i q u i -  
t i n  c o n j u g a t e s  o f  c a l m o d u l i n  in  c e l l u l a r  e x t r a c t s  o r  i n -  
t a c t  ce l l s .  A r r ~ j o r  o p e n  q u e s t i o n  t h e r e f o r e  is  w h e t h e r  
t h e  u b i q u i t i n a , . , o n  o f  c a l m o d u l i n  i s  a r e a c t i o n  w h i c h  
n o r m a l l y  o c c u r s  i n  v i a b l e  c e l l s  a n d  i f  s o  w h e t h e r  i t  c a n  
b e  d e t e c t e d  in  c e l t - f r e e  e x t r a c t s  o r  e n r i c h e d  f r a c t i o n s  ( s e e  
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a l s o  p r e l i m i n a r y  r e p o r t  in [I 3]), w h i c h  c o n t a i n  a p r o t e i n  
c o m p o s i t i o n  s i m i l a r  t o  t h a t  o f  t h e  c y t o s o l .  

I n  t h i s  p a p e r  it  w i l l  b e  s h o w n  t h a t  s i m p l y  t h e  a d d i t i o n  
o f  r a d i o a c t i v e l y  l a b e l l e d  [ t 2 S l ] u b i q u i t i n ,  A T P / M g  2. a n d  
C a  2+ t o  c e l l u l a r  e x t r a c t s  e n r i c h e d  b y  a s i n g l e  i o n - e x -  
c h a n g e  s t e p  l e a d  t o  t h e  p r o d u c t i o n  o f  u b i q u i t i n a t e d  e n -  
d o g e n o u s  c a l m o d u l i n .  T h i s  m a k e s  i t  v e r y  p r o b a b l e  t h a t  
t h e  u b i q u i t i n a t i o n  o f  c a l m o d u l i n  b e l o n g s  t o  t h e  n o r m a l  
r e g u l a t o r y  r e p e r t o i r e  o f  e u k a r y o t i c  c e l l s .  

2. M A T E R I A L S  A N D  M E T H O D S  

Enr iched  r abb i t  tissue/cell ex t rac t s  f r o m  ret iculocytes  [ A P F  I! ,  
A T P - d e p c n d e n t  p ro teo lys i s  f rac t i cn  I I ) ,  ei~rthrocyt~s, skeleta |  ntuscle 
(white ,  fast  twi tch:  red, s low twi tch)  a n d  testis were  p repa red  b>' a 
singtc c h r o m a t o g r a p h i c  s tep  on  D E A E - S e p h a c e !  (Pha rmac i a ,  O p p -  
sa la)  as  p rev ious ly  descr ibed in [13.14]. The  DEAE-cel l t t lose  m e t h o d  
e m p l o y e d  for  the  e n n c h m e n t  o f  the  t issue ex t rac t s  is based  on  the  
m e t h o d  o f  p r e p a r i n g  the  ATP-depende.q t  p ro teo ly t ic  f rac t ion  II 
[10,14,15 ! also called A P F  II.  In  th is  s tep  p ro te ins  like hemog lob in ,  
m y o g l o b i n  a n d  especial ly ub iqu i t in  (see [1.5]) run  u n a d s o r b e d  t h r o u g h  
the  c o l u m n .  The  ub iqu i t in  c o n j u g a t i n g  activity inc luding  u C a i - s y n -  
the tase  [14], c a l m o d u l i n  a n d  m a n y  o t h e r  p ro te ins  a re  a d s o r b e d ,  en~ 
r iched a n d  then  d e s o r b e d  by  increas ing the N a C I  c o n c e n t r a t i o n  t o  3S0 
m M  [10,14]. U b i q u i t i n  w a s  p r e p a r e d  accord ing  to  [14l o r  p u r c h a s e d  
f r o m  S igma  (Mun ich ) .  The  ub iqu i t in  c o n c e n t r a t i o n  necessa ry  fo r  half-  
m a x i m a l  ac t i va t i on  o f  A T P - d e p c n d e n t  pro t~olys is  [14] a s  tes ted  wi th  
re t iculocyte  A P F  11 [14] w a s  1.5-2 MM. *2~l-|abelled ub iqu i t in  w a s  
synthes ized  a f f o r d i n g  to  the  c h l o r a m i n e - T  p r o c e d u r e  (i.e. 12sl-ICT- 
ub iqu i t in ,  0 . 1 - r x l 0  a e p n ~ m g )  [14,16]. Bovine testis ca lmoAul in  w a s  
isolated a c c o r d i n g  to  [17] a n d  purif ied f u r t he r  by affinity c h r o m a t o g -  
r a p h y  a c c o r d i n g  to  il 8]. T h e  biological  activity o f  the puri f ied c a l m o -  
du l in  w a s  tes ted [19] wi th  p b o s p h o r y l a s e  k inase  in a n  A u t o A n a l y z e r  
test [20,21 ]. T h e  c o n c e n t r a t i o n  o f  bov ine  c a l m o d u l i n  necessary  fo r  h a l f  
m a x i m a l  ac t iva t ion  o f  p h o s p h o r y l a s ¢  kinas¢ (max ima l  activatig, n 5-7-  
fold)  w a s  30-70  nM.  

u C a M - s y n t h e t a s e  w a s  q u a n t i t a t e d  wi th  the  f luphena.z ine-Sepharos¢ 
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affinity a d s o r p t i o n  test (FP- tes t )  [q]_ The  i n c u b a t i o n  mix tu re  t tota l  
x 'olume 100/.tl) con ta ined  50 m M  Tris-I--ICl. ! m M  DTIE. 5 m M  ]~fg£ "~1 -. 
I m M  ATP,  10 m M  p h o s p h o c r e a t i n e ,  0.1 mg /ml  c rea t lne  kinas¢,  500 

Mg/ml c a l m o d u h n .  50 ~,g/ml u b i q u i t m .  0.9 10 mg /ml  DEAE-cellulo.~e 
enr iched extract .  Unless  o the rwise  s tated,  the  m i x t u r e s  with ca lc ium 
con ta ined  i .I  m i  CaCI  2 a n d  ! m M  E G T A  w he rea s  the mix tu r e s  
w i thou t  ca lc ium on ly  con ta ined  I m M  E G T A .  T h e  specific act ivi ty o f  
uCaM-syn t t t e t a s e  in the enr iched  ex t rac t s  w a s  be tween  1 2 a n d  52 
fka t /mg,  T h e  heat , t ep  which  was  a l so  e m p l o y e d  for  o t h e r  e x p e r i m e n t s  
involves  the  hea t ing  o f  the extract  o f  100°C for  5 rain.  The  a m o u n t  
o f  F P - S c p h a r o s e  e m p l o y e d  depend¢d  on the a m o u n t  o f c a l m o d u l i n  in 
t he  mix tu re  a n d  w a s  held at  the  ra t io  o f  100 MI packed  F P - S e p h a r o s e  
pe r  100 Mg o f  ca lmodu l in .  

Electrophorus. is  in the presence  o f  S D S  w a s  p e r f o r m e d  o n  i 5% 
po lyac ry l amide  gels a c c o r d i n g  to [22l. C a  2"-dependent  mobi l i ty  c h a n g -  
es  o f  c a l m o d u h n  [23] d u r i n g  e lec t rophores i s  were  p e r f o r m e d  as  pre- 
v iously  descr ibed [81. The  m o l e c u l a r  we igh t s  were m o n i t o r e d  wi th  
o v a l b u m i n  45 k D a .  g lycera ldehyde 3 - p h o s p h a t e  d e h y d r o g e n a s e  36 
k D a ,  ca rbon ic  a n h y d r a t a s e  29.2 k D a ,  t r y p s i n o g e n  25 k O a .  t ryps in  
inh ib i to r  20.1 k D a ,  l ac ta lbumin  14.2 kDa .  F o r  a u t o r a d i o g r a p h y  the 
X- ray  film was  e x p o s e d  for  40 -92  h (see legends)  at - -80°C a n d  devel- 
oped  for  5 15 rain (see legendsl  as  descr ibed  [9,10]. T h e  a u t o r a d i o -  
g r a m s  were  den i s tomc te rcd  o n  a laser s c a n n e r  ( U l t r o s c a n  2202, Phar -  
maeia) .  F o r  conve r s ion  o f  the  peak  a rea  to p m o l  ubiqui ty l  c a l m o d u l i n  
con juga t e  the sys tem was  ca l ib ra ted  as  descr ibed in [8]. Pro te in  [24] 
w a s  de te rmined  on  an  A u t o A n a l y z e r  I I ( T e c h n i e o n ) e m p l o y i n g  bov ine  
s e r u m  a l b u m i n  as s t anda rd .  

I l m  

3.  R E S U L T S  A N D  D I S C U S S I O N  

T h e  u b i q u i t i n a t i o n  o f  e n d o g e n o u s  c e l l u l a r  c a l m o d u -  
i i n  w a s  f o u n d  m o r e  o r  l e s s  b y  c h a n c e  w h e n  S D S - P A G E -  
a u t o r a d i o g r a m s  o f  u b i q u i t i n a t i o n  m i x t u r e s ,  i n  w h i c h  
u b i q u i t y l - c a l m o d u l i n  h a d  b e e n  f u r t h e r  p u r i f i e d  b y  a f f i n -  
i t y  a d s o r p t i o n  t o  f l u p h e n a z i n e - S e p h a r o s e  | g L  w e r e  o v e r -  
e x p o s e d .  I n  a s y s t e m a t i c  a p p r o a c h  t h e  u b i q u i t i n a t i o r ,  o f  
t h e  u n k n o w n  p r o t e i n  w a s  f o l l o w e d  a f t e r  t h e  e n r i c h m e n t  

Table  ! 

A m o u n t  o f e n d o g e n o u s  ub iqu i ty l -~a lmodul in  con juga te  s y m h e s i : e d  in 
60 rain a t  37°C in va r i ous  enr iched  t issue ex t rac t s  

Tissue  Pro te in  u C a M -  A u t o r a d i o g r a p h t c  % 
(mg /ml )  syn the t a se  a m o u n t  o f  conjugate  end~.~ / 

activity f o r m e d  in 60 rain exog.  
( fka t /mg)  p m o l / m g  p ro t e i n  

e x o g e n o u s  e n d o g e n o u s  

Ret icu locytes  7.2 52.3 209.1 24.4 12 
Ery th rocy te s  1.8 48.3 18 I. 1 32.0 18 
Red  musc le  3.3 I 1.2 48.7 6.8 14 
Whi te  musc le  2.4 15.0 65.1 12.6 19 
Tes t i s  6.2 14.5 48.4 19. ! 39 

T h e  activity o f  u C a M  syn the ta se  was  de t e rmined  wi th  the  FP- tes t  [9]. 
T h e  net  activity given in the  table  w a s  cor rec ted  for  the activity f o u n d  
in t he  absence  o f  e x o g e n o u s  c a l m o d n l m  (cont ro ls ) .  T h e  p ro te in  con -  
cen t r a t ion  in the i ncuba t i on  m i x t u r e  was  tA the  a m o u n t  g iven  in the  
tab le  except  in the  ease  o f  re t iculocytes  whe re  the  c o n c e n t r a t i o n  w a s  
0 . 9  mg/ml .  T h e  net a m o u n t  o f  con juga t e  gene ra t ed  f r o m  e x o g e n o u s  
o r  e n d o g e n o u s  c a l m o d u l i n  in 60 mir, a t  37°C per  m g  ext rac t  p ro t e in  
w a s  d e t e r m i n e d  b y  quan t i t a t ive  a L t o r a d i o g r a p h y  (see Fig. 5 a n d  [8]). 
T h e  a m o u n t  o f  " au to rad iog raph i c '  c o n j u g a t e  f o r m e d  in the  presence  
o f  e x o g e n o u s  c a l m o d u l i n  h a s  been  cor rec ted  fo r  the  e n d o g e n o u s  
a m o u n t  f o r m e d  in the  s a m e  time. F o r  fu r the r  detai ls  see Fig. 5, sect ion 

2 a n d  the  text. 
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Fig.  !. Ca2+-depcndent  syn thes i s  o f  the e n d o g e n o u s  ub iqu i t in  con ju -  
ga te  in r abb i t  testis. T h e  ex t r ac t s  were  i ncuba t ed  in m i x t u r e s  co n t a in -  
ing as  final c o n c e n t r a t i o n  50 m M  T r i s - H C I ,  1 m M  D T E ,  5 m M  M~,CI2, 
I m M  A T P ,  10 m M  p h o s p h o c r e a t i n e ,  0.1 m g / m l  c rea t ine  kina, e, 0.5 
m g / m l  e x o g e n o u s  c a l m o d u l i n ,  50 Mg/ml t=sI -CT-ubiqui t in  ( ! . 4  x 107 
c p m / m g )  with  0.9 m g / m l  D E A E - c e l l u l o s e  enr iched  re t ieulocyte  lysate  
o r  10 m g / m l  D E A E - c e l l u t o s e  en r i ched  ex t rac t  f r o m  testis.  M i x t u r e s  
wi th  ca lc ium ( + C a  z+) c o n t a i n e d  0.1 m M  CaCI2,  m i x t u r e s  w i t h o u t  
c a l c i u m  ( - C a  2 . )  c o n t a i n e d  1 m M  E G T A .  T h e  reac t ion  w a s  t e r m i n a t e d  
by boi l ing af ter  60 rain a t  37°C and  the  prec ip i ta ted  p ro t e in  w~s  s p u n  
d o w n .  T h e  s u p e r n a t a n t  w a s  app l ied  to  F P - S e p h a r o s e  in the  p resence  
o f  C a  2. a n d  c o n j u g a t e s  were  e luted wi th  E G T A  as  descr ibed in sect ion 
2. T h e  E G T A  e lua tes  were  p rec ip i t a ted  in 5% T C A  a n d  the  i~l le ts  
were  r e s u s p e n d e d  in s a m p l e  bu f fe r  fo r  15% polyacryt~mid© gel electro~ 
p h o r e s i s  [22]. Af te r  s e p a r a t i o n  o f  the  p o l y p e p t i d e s  P. tatoradiograms o f  
the  gels (ca. 4 d a y s  expos i t i on  at  -80=(::, d e v e l o p m e n t  fo r  ca. 15 rain 
at r o o m  t e m p e r a t u r e )  were  p r e p a r e d .  T h e  b a n d  r u n n i n g  c lose  to  the 
elec, r o p h o r e t i c  f r o n t  is u n c o n j u g a t e d  =2~l-ubiquitin. F o r  f u r t h e r  detai ls  

a n d  m o l e c u l a r  weight  s t a n d a r d s  see sec t ion  2 a n d  the  text. 
(A)  
lane 1: eBrichod re t icu locyte  ex t rac t  
lane 2- en r i ched  re t iculocyte  ex t r ac t  
lane  3: hea t  t rea ted  m i x t u r e  o f  lane 2 

( s u p e r n a t  .) 
~ane 4: hea t  t rea ted  m i x t u r e  o f  lane  2 

( s u p e r n a t . )  
lane 5" affinity a d s o r b e d  s u p e r n a t a n t  
lane 6: aff ini ty a d s o r b e d  s u p e r n a t a n t  
lane 7: affinity a d s o r b e d  superr ,  a t an t  
lane  8: aff ini ty a d s o r b e d  s u p e r n a t a n t  

¢ndogen .  p r o t e i n s  ÷ C a  2+ 
¢ndogen .  p r o t e i n s  - C a  2+ 
e n d o g e n ,  p r o t e i n s  + C~, "-+ 

e n d o g e n ,  p r o t e i n s  ~ C a  2+ 

+ e x o g e n o u s  C a M  *- C a  2+ 
+ e x o g e n o u s  C a M  - C a  2. 
e n d o g e n ,  p r o t e i n s  ~- C a  2÷ 
e n d o g e n ,  p ro t e in s  - C a  2. 

(In) S a m e  s a m p l e  s equence  a s  in (A)  except  t h a t  a m i x t u r e  c o n t a i n i n g  
en r i ched  testis ex t r ac t  w a s  app l i ed  to  the  p o l y a c r y l a m i d e  gel ins tead  

o f  en r i ched  lysate  
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F i g .  2.  ~ u t o r a d i o g r a p h i c  d e l e e t i o n  o f  a n  e n d o g e n o u s  u b t q u i t i n  29  
k D a  c o n j u g a t e  in  s t r i a l e d  r ed  a n t i  wh i~e  r a b b i t  m u s c l e  e n r i c h e d  ex -  
t r a c t s  o n  i n c . % a l i e n  w i t h  I - ' ~ l - u~ i t l u l t i n  a n d  A T P / M g  2~. T h e  i n c u b a -  
t i o n  m i x t u r e  ( t o t a l  v o | u m e  0.1 m l )  c o n t a i n e d  as f i n a l  c o n c e n t r a t i o n s  
50 m M  Yris/HCl, I m M  D T E .  5 t o m  MgCI.., I m M  ATP,  0.1 r a m  
C~Ci_., 10 m M  creat ine  p h o s p h a t e .  0.1 mg/'ml creat ine kinase. (L5 
mg/ml  ca lmodul in ,  0.05 mg/ml  ~-"l-ubiquitin (6 × 10 ~ cpm/mg).  A P | :  
I1 (ret ieuloeyte 0.9 ml/ml,  red n, uscle 1.1 mg/ml,  while muscle 0,8 
mg/ml).  For  fur ther  detai ls  see legend to Fig. I, section 2 and  the t~;xl. 
lane I: ret icu |ocyte A P F  II + exogenous  ca lmcdul in  
tune 2: [eticu|o~yte APF  II - exogenous  ca tmodul in  
tanc 3: red (slow twitch) skeletal muscle + exogenous  ca tmodul in  

A P F  II 
lane 4: red (slow Itw:tch) skeletal muscle - exogenous  ca |modt ,  lin 

A P F  I i  
I n ¢  5: while (fast twitch) skeletal muscle ÷ exogenous  ca lmodul in  

A P F  Ii 
I;tre 6: while  (fast twitch) skeletal muscle - exogenous  ca lmodul in  

A P F  II 

o f  t h e  e x t r a c t  b y  a o n e - s t e p  i o n - e x c h a n g e  c h r o m a t o g r a -  
p h y .  T h i s  i s  s h o w n  i n  t h e  p r e s e n c e  a n d  a b s e n c e  o f  C a  -'* 
i n  t h e  i n c u b a t i o n  m i x t u r e  i n  F i g .  1 f o r  r e t i c u l o c y t e s  ( F i g .  
I A )  a n d  t e s t i s  { F i g .  I B )  f o r  w h i c h  a h i g h  e n d o g e n o u s  
c o n t e n t  o f  c a l m o d u l i n  h a s  b e e n  r e p o r t e d  [25] ,  L a n e s  1 
a n d  2 ( + C A  -'+) d e m o n s t r a t e  t h a t  a l a r g e  n u m b e r  o f  
p r o t e i n s  i s  u b i q u i t i n a t e d  i n  e n r i c h e d  r e t i c u l o e y t e  a n d  
=ca( is  e x t r a c t s .  "i-?~,_ l a r g e  d i f f e r e n c e  i n  t h e  f i l m  b l a c k e n -  
i n g  b e t w e e n  r e t i c u l o c y t e g  ( F i g .  I A )  a n d  t e s t i s  ( F i g .  I B )  
i s  d u e  t o  t h e  f a c t  t h a t  1 0 - f o l d  m o r e  p r o t e i n  w a s  a p p l i e d  
i n  t h e  c a s e  o f  t e s t i s .  H e a t  t r e a t m e n t  o f  t h e s e  u b i q u i t i n a -  
l i o n  m i x t u r e s  e l i m i n a t e s  p r a c t i c a l l y  a l l  l a b e l l e d  p r o t e i n s  
( l a n e s  3 a n d  4 ,  ___CA 2~) e x c e p t  a b a n d  ( d o u b l e t )  r u n n i n g  
w i t h  a n  i d e n t i c a l  m o l e c u l a r  m a s s  ( 2 7 - 2 9  k D a )  a s  t h e  
c o n j u g a t e  ( d o u b l e t ,  [9 ] )  f o r m e d  f r o m  e x o g e n o u s  c a l r a o -  
d u l i n  a d d e d  t o  t h e  n - ; x t u r e  ( l a n e s  5 a n d  6 ,  ___Ca z+) T h e  
c a l m o d u l i n  c o n j u g a h g  a c t i v i t y  f o r  e x o g e n o u s  s u b -  
s t r a t e  { l a n e  5 )  i s  s i g n i f i e a n d y  h i g h e r  ( s e e  a l s o  T a b l e  I 
b e l o w )  i n  r e t i c u l o c y t e s  t h a n  i n  t e s t i s .  T h e  c o n j u g a t e  i n  
l a n e  6 is  d u e  t o  t h e  C a ~ + - i n d e p e n d e n t  a c t i v i t y  o f  t h e  
e n z y m ¢  [12] .  T h e  a d s o r p t i o n  o f  t h e  s u p e r n a t a n t  o f  t h e  
h e a t - t r e a t e d  e x t r a c t  t o  f l u p h e a a z i n e - S e p h a r o s e  ( l a n e s  
5 - 8 )  d i m i n a t e s  f r e e  ' 2 5 I - u b i q u i t i n  a n d  o t h e r  n o n s p e c i f i c  
c o n j u g a t e s .  T h e  d c  : c o t t o n  o f  c o n j u g a t e  i n  t h e  m o l e c u l a r  
w e i g h t  r a n g e  o f  2 7 - 2 9  k D a  i n  l a n e  7 c l e a r l y  i l l u s t r a t e s  
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| ' i s .  3, Ca-~'-delx'ndent mobili ty change  of  the endogenous  ubiquit in 
conjuga te  as exemplified in the D E A E  IYaction o f  crythrocytes.  The  
incubat ion  mixtures were prepared as described in the legend to }:is, 
| ,  Erylhrocyt¢ A P F  !1 was added to a linal t .oncentrat ion o f  0.9 mg~ml. 
Llectrophoresis  and  au to rad iography  were lx-rlbrmed as uescribed in 
the  legend to Fig. 1 except that  the conjugates  were not enriched by 
adsorp t ion  to FP-Sepharose:  first-order conjugate  ca. 29 kDa,  second- 
o rder  conjugate  ca. 36 kDa,  th i rd -order  conjugate  ca 42 kDa. The  
ar row-pai rs  indicate the  range of  the mobili ty change for the firs~- and  
second-order  conjugates.  In the presence of  Ca-" the  :onjugates  rul- 
with a lower molecular  weight 181. For  fur ther  details see section 2, the 

text and  181. 
lane l: ~-'Sl-ubiquitin and  ATP/  Ms-'" + Ca ~'" in sample buffer 
lane 2: ~-"l-ubiquitin and  ATP/  Ms-" + Ca-" ira sample buffer 
lane 3: ~ l - u b i q u ; t i n  and  ATP/  Ms ' "  + EOTA in ~implc buffer 

t h a t  i t  i s  a d s o r b e d  a n d  d e s o r b e d  o n  F P - S e p h a r o s e  i n  a 
C a ' - * - d e p e n d e n t  m a n n e r  a n d  t h e r e b y  i d e n t i c a l  t o  t h e  
c o n j u g a t e  o b s e r v e d  in  l a n e  3. F r o m  t h e  g e l s  i t  c a n  b e  
c o n c l u d e d  t h a t  t h e  s y n t h e s i s  o f  t h e  e n d o g e n o u s  u b i q u i -  
t y l  c o n j u g a t e  i s  h i g h l y  C a ~ + - d e p e n d e n t  ( n o  c o n j u g a t e s  
d e t e c t a b l e  i n  l a n e s  4 , 6 , 8  - C a  2") a n d  i s  t h e  m a j o r  e n d o -  
g e n o u s  c o n j u g a t e  r e m a i n i n g  in  t h e  h e a t - t r e a t e d  e x * r a c t s  
o f  b o t h  r e t i c u l o c y t e s  a n d  t e s t i s .  

i n  F i g .  2 *he  g e n e r a t i o n  o f  t h e  s a m e  n o v e l  e n d o g e n o u s  
u b i q u i t i n  c o n j u g a t e  b a n d  i n  r e d  a n d  w h i t e  s t r i a t e d  s k e l -  
e t a l  m u s c l e  i s  s h o w n .  I n  l a n e s  3 , 5  e x o g e n o u s  c a l m o d u l i n  
h a s  b e e n  a d d e d  a s  c o n t r o l  t o  t h e  i n c u b a t i o n  m i x t u r e s .  
T i l e  e n d o g e n o u s  f o r m a t i o n  o f  t h e  n o v e l  b a n d  is  s h o w n  
i n  l a n e s  4 a n d  6 a s  a f a i n t  r a d i o a c t i v e  b a n d  ( d o u b l e t )  
v i s i b l e  i n  t h e  s a m e  m o l e c u l a r  m a s s  r a n g e  ( 2 7 -  2 9  k D a )  
a s  t h e  b a n d  f o r m e d  w i t h  e x o g e n o u s  c a l m o d u l i n  ( l a n e s  
! , 3 , 51 .  T h e  c o n j u g a t i n g  a c t i v i t y  is  a g a i n  s i g n i f i c a n t l y  
h i g h e r  i n  r e t i c u l o c y t e s  ( l a n e s  I a n d  21 t h a n  i n  s t r i a t e d  
m u s c l e .  

F i g .  3 d e m o n s t r a t e s  t h e  C a 2 * - d e p e n d e n t  m o b i l i t y  
c h a n g e  ( s e e  a l s o  [81) o f  t h e  n o v e l  e n d o g e n o u s  c o n j u g a t e  
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F i g .  4.  I n h i b i t i o n  o f  e n d o g e n o u s  c o n j u g a t e  f o r m , i l i o n  in  e n r i c h e d  
r a b b i t  t e s t i s  e x t r a c t  b y  a d d i t i o n  o f  i n c r e a s i n g  a m o s m i s  o f  p h o s p h o r y -  
f a se  k i n a s e  t o  t h e  i n c u b a t i o n  m i x t u r e .  T h e  i n c u b a t i o n  m i x t u r e s  w e r e  
p r e p a r e d  f o r  t h e  d e t e c t i o n  o f  e n d o g e n o u s  c o n j u g a t e  a s  d e s c r i b e d  in  t h e  
l e g e n d  t o  F i g .  1. T e s t i s  e n r i c h e d  e x t r a c t  w a s  a d O e d  t o  a f i n a l  c o n c e n -  
t r a t i o n  o f  1.8 m f f ' m l .  T h e  s p e c i f i c  r ad [oac t i x - i t , ,  o f  *-~Sl-ubiquit in w a s  
1 x 10 '  c p m / m g .  E k ~ c t r o p h o r e s i s  a n d  a u t o r a d i o g r a p h y  w e r e  p e r f o r m e d  
a s  d e s c r i b e d  in t h e  l e g e n d  t o  F i g .  I e x c e p t  t h a i  t h e  c o n j u g a t e s  w e r e  n o t  
e n r i c h e d  b y  a d s o r p t i o n  t o  F P - S e p h a r o s e .  The." g e l s  w e r e  e x p o s e d  t o  t h e  
X - r a y  f i lm l o r  a 0  h a n d  d e v e l o p e d  f o r  5 r a i n  a t  5~C.  F o r  f u r t h e r  d e t a i l s  

s ec  l e g e n d  t o  F i g  I .  M e t h l ~ d s .  '-he t e x t  a n d  [9].  
l a n e  I: c o n t r o l  m i x t u r e  w i t b o u !  p h o s p h o r y l a s e  k i n a s e  
| a n e  2: m i x t u r e  + 0 .1  I m g J m l  p h o s p h o r y l a s e  k i n a s e  
l a n e  3: m i x t u r e  + 0 . 4 6  m g S m l  p h o s p h o r y l a s e  k i n a s e  
l a n e  4:  m i x t u r e  + 1_ 15 m g / m l  p h o s p h o r y l a s e  k i n a s e  
l a n e  5: m i x t u r e  + 2 . 3 0  m g / m l  p h o s p h o r y l a s e  k i n a s e  
l a n e  6: m i x t u r e  + 4 . 4 6  m g / m l  p h o s p h o r y l a s e  k i n a s e  
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F i g .  5.  Q u a n t i t a t i v e  e v a l u a t i o n  o f  t h e  a m o u n t  o f  e n d o g e n o u s  f i r s t -  
o r d e r  127 2 9  k D a ~  u b i q u i t i n  c o n j u g a t e  in  e n r i c h e d  t e s t i s  t . , t t r a c t s  b y  
q u a n t i t a t i v e  a u t o r a d i o g r a p h y .  T h e  i n c u b a t i o n  m i x t u r e s  w e r e  p r e p a r e d  
a s  d e s c r i b e d  in  t h e  l e g e n d  t o  F i g .  I.  E n r i c h e d  te~.tis e x t r a c t  w a s  a d d e d  
t o  a f i n a l  c o n c e n t r a t i o n  o f  1.8 m g / m l .  E l o c t r o p h o r e s i s  a n d  a u l o r a d i o -  
g r a p h y  w e r e  p ~ f f o r r n e d  a s  d e s c r i b e d  in  t h e  l e g e n d  t o  F i g .  I .  T h e  
a u t o r a d i o g r a m s  w e r e  d e n s i t o m e t e r e d  a n d  e v a l u a t e d  a s  d e s c r i b e d  i n  
. s ec t ion  2 a n d  [8] .  E v a l u a t i o n  o f  t h e  d e n s i t o g r a m s  y i e l d e d  4 8 . 4  p m o l  
f o r  n e t  u C a M  c o n j u g a t e  f r o m  e x o g e n o u s  e a l m o d u l i n  m i x t u r e  a n d  t 9 . 1  
p m o l  u C a M  f r o m  e n d o g e n o u s  e a l m o d u l i n  al  e.  _+Cabal-'" i n d i c a t e s  
t h e  p r e s e n c e  o r  ~ lbsence  of'~__xogenou:,- c a l m o d u  .,t in  t h e  m ~ x t u r e .  F o r  

f u r t h e r  d e t a i l s  s e e  T a b l e  I, s e c t i o n  2 a n d  t h e  t e x t  

+ C A M :  

C a M :  

.% : 0 . 4  c o r r e s p o n d s  t o  f i r s t - o r d e r  ( e x o g e n o u s )  ~:;I- u C a M  
R~ = 0 . 7 7  c o r r e s D o n d s  t o  f r e e  ' ~ S l - u b i q u i t i n  
Rf  = 0 . 4  " X '  c o r r e s p o n d s  l o  f i r s t - o r d e r  e n d o g e n o u s  

~ " ~ l - u C a M  
Rf = 0 . 7 7  c o r r e s p o n d s  t o  f r e e  ~ - ~ l - u b i q u i t i n  

in  e r y t h r o c y t e  e x t r a c t  o n  p o l y a c r y l a m i d e  gel in the  p res -  
ence  o f  S D S .  In a d d i t i o n  to the  f i r s t - o r d e r  c o n j u g a t e  a 
s e c o n d -  a n d  t h i r d - o r d e r  c o n j u g a t e  b a n d  c a n  be  de t ec -  
ted.  T h e s e  h ;~ .hc r -o rde r  c o n j u g a t e s ,  w h i c h  h a v e  b e e n  
pre'~,iougly d e s c r i b e d  (see [1 ! ]). a l so  e x h i b i t  a sma l l  C a  2÷- 
d e p e n d e n t  m o b i l i t y  chang , : ,  s u g g e s t i n g  t h a t  t h e  b i o l o g i -  
cal  f u n c t i o n  o f  c a l m o d u l i n  is sti l l  l a rge ly  i n t a c t  e v e n  
. t i ter  c o n j u g a t i o n  o f  2 o r  m o r e  u b i q u l t i n  m o l e c u l e s .  

In  o r d e r  t o  e x c l u d e  t h a t  o t h e r  C a Z * - b i n d i n g  p r o t e i n s  
gcs~,des . : a l m ~ d u l i n  m i g h t  a l so  c o n s t i t u t e  a c o n j u g a t e  
b a n d  s im i l a r  ~ the  o n e  d e s c r i b e d  in  Figs .  I 3, a se,asi- 
t i r e  r e a c t i o n  ~or the  i d e n t i f i c a t i o n  o f  c a l m o d u l i n  u n d e r  
the  c o n d i t i o n s  o f  c o n j u g a t i o n  w i th  u b i q u i l i n  w a s  a p -  
pl ied.  P r e v i o u s l y  it w a s  s h o w n  [9] t h a t  p h o s p h o r y t a s e  
k i n a s e  i n h i b i t s  the  c o n j u g a t i o n  o f  c a l m o d u l . i n ,  p r o b a b l y  
by  c o m p e t i t i v e l y  b i n d i n g  c a l m o d u l i n  a n d  t h e r e b y  e l imi -  
n a t i n g  it  as  s u b s t r a t e  f r o m  t h e  c o n j u g a t i o n  r e a c t i o n .  
O n l y  ode  o t h e r  m o l e c u l e  is k n o w n  l o  b - n d  p h o s p h o r y -  
lase  k i n a s e  u n d e r  these  c o n d i t i o n s  n a m d y  the  t r o p o n i n  
C s u b u n i t  o f  t r o p o n i n  [26]. w h i c h ,  howt :ve r ,  is n o t  p r e s -  
en t  in  n o n - m u s c u l a r  t i s sues  a s  tes t is  a n d  w h i c h  is n o t  
p r e s e n t  in  free f o r m  in  ske le ta l  m u s c l e  [27]. A s  c a n  be 
seen  in F ig .  4 the  a m o u n t  o f  e n d o g e n o u s  c o n j u g a t e  
f o r m e d  ( l a n e  1 ) c a n  be  t i t r a t e d  to  i ts  d i s a p p e a r a n c e  
( l a n e s  4 - 6 )  by  the  addit ior~ o f  p h o s p h o r y t a s e  k i n a s e  to  
the  e n r i c h e d  tes t is  e x t r a c t .  T h i s  e x p e r i m e n t  t o g e t h e r  
w i t h  the  p r e v i o u s  o n e s  c l ea r ly  iden t i f i es  th,: n o v e l  e n -  
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d o g e n o u s  c o n j u g a t e  as  a c a l m o d u l i n  c o n j u g a t e  o f  u b i -  
q u i t i n .  

S i nc e  t he  p r e v i o u s  e x p e r i m e n : s  h a v e  a l l o w e d  t h e  i d e n -  
t i f i c a t i o n  o f  t h e  n o v e l  b a n d  as  u b i q u i t y l  c a l m o d u l i n ,  i t s  
f o r m a t i o n  in  tes t is  e x t r a c t  w a s  e v a l u a t e d  b y  q u a n t i t a t i v e  
s c a n n i n g  [8]. Tla¢ s c a n s  o f  a u t o t a d i o g r ~ i i a s  g, i t a l o g o u 5  t o  
t he  r u n s  in F ig .  2 a r e  s h o w n  in  F ig .  5. A s  r e q u i r e d ,  t h e  
e n d o g e n o u s  c o n j u g a t e  h a s  a n  i d e n t i a l  R r v a l u e  o f  0 A  as  
t h e  c o n j u g a t e  f o r m e d  f r o m  e x o g e n o u s  c a l m o d u l i n .  By  
t h i s  m e t h o d  it c a n  be  c a l c u l a t e d  t h a t  o n  a d d i t i o n  o f  
e x o g e n o u s  c a l m o d u l i n  to  t a e  i n c u b a t i o n  m i x t u r e  f r o m  
tes t i s  (see T a b l e  I)  a n e t  p e a k  a r e a  ( c o r r e c t e d  f o r  t h e  
p e a k  a r e a  f o u n d  in  t he  a b s e n c e  o f  e x o g e n o u s  C a M ,  see  
b e l o w )  c o r r e s p o n d i n g  t o  ca .  48 p m o l  u C a M / m g  p r o t e i n  
a n d  in  t he  a b s e n c e  o f  e x o g e n o u s  c a l m o d u l i n  a p e a k  a r e a  
c o r r e s p o n d i n g  t o  ca .  19 p m o l  uCa!SA/mg p r o t e i n  is o b -  
t a i n e d  a f t e r  60  r a i n  o f  i n c u b a t i o n .  T h u s  in  e n r i c h e d  
t es t i s  e x t r a c t  t h e r e  is e n o u g h  e n d o g e n o u s  c a l m o d u l i n  to  
g e n e r a t e  u p  t o  4 0 %  o f  the  a m o u n t  o f  c o n j u g a t e  
o t h e r w i s e  f o u n d  o n l y  a f t e r  a d d i t i o n  o f  e x o g e n o u s  ca l -  
m o d u l i n .  I n  t he  o t h e r  t i s sues  ( T a b l e  i )  t h e  a m o u n t  o f  
e n d o g e n o u s l y  s y n t h e s i z e d  u C a M  (60  m i n )  l ies b e t w e e n  
7 a n d  32 p m o l / m g  p r o t e i n ,  i.e. 1 5 - 2 0 %  o f  the  a m o u n t  
m a x i m a l l y  o b t a i n e d  b y  t he  a d d i t i o n  o f  e x o g e n o u s  ca l -  
m o d u l i n .  

F r o m  the  u b i q u i t o u s  d i s t r i b u t i o n  o f  u b i q u i t i n  i n  al l  
e u k a r y o t i c  cel ls  [28] it c a n  b e  c o n c l u d e d  t h a t  u b i q u i t i n  
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is i n i t i a l l y  p r e s e n ,  i n  a l l  o f  t h e  t i s s u e  e x t r a c t s  d e s c r i b e d .  
O u r  ,~" v n  m e a s u r e m e n t s  ( G e h r k e  a n d  J e n n i s s e n ,  u n p u b -  
l i s h e ~  h a v e  i n d i c a t e d  3 9 0 / ~ g / g  w e t  w e i g h t  o f  u b i q u i t i n  
i n  e r y t h r o c y t e s  ( s e e  a l s o  [29])  a n d  33  ~ t g / g  w e t  w e i g h t  i n  
w h i t e  s k e l e t a l  m u s c l e  ( s e e  a l s o  [2 ,7 ) .  I f  t h e s e  v a l u e s  a r e  
c o r r e c t e d  f o r  c e l l  w a t e r  c o n t e n t  ( o f  e . g .  7 6 %  f o r  s k e l e t a l  
m u s c l e  [30] ) ,  i n t r a o e l l u l a r  c o n c e n t r a t i o n s  o f  4 3 - - 4 9 0  ~ g  
u b i q u i t i n / m l  c e l l  w a t e r  a r e  o b t a i n e d .  T h e r e f o r e  t h e  a d d i -  
t i o n  o f  t 2 5 1 - C T - u b i q u i t i n  i n  c o n c e n t r a t i o n s  o f  5 0 / z g / m l  
t o  t h e  i n c u b a t i o n  m i x t u r e  is  i n  t h e  p h y s i o l o g i c a l  r a n g e .  
S i n c e  i t  w a s  s h o w n  p r e v i o u s l y  t h a t  f o r  c o n j u g a t e  f o r m a -  
t i o n  r a d i o l a b e l l e d  t z s I - C T - u b i q u i t i n  i s  q u a l i t a t i v e l y  i n -  
d i s t i n g u i s h a b l e  f r o m  n o n - d e r i v a t i z e d  n a t i v e  u b i q u i t i n  
[1 !1, t h e  c o n j u g a t i o n  b a n d s  a r e  n o t  a r t i f a c t s  o f  t h e  d e r i -  
v a t i z a t i o n  p r o c e d u r e  f o r  l a b e l l i n g  u b i q u i t i n .  F r o m  t h e  
e x i s t e n c e  o f  e n d o g e n o u s  c a l m o d u l i n  c o n j u g a t i o n  in  
t h e s e  e x t r a c t s  i t  m u s t  b e  c o n c l u d e d  t h a t  t h i s  r e a c t i o n  is  
i n  s o m e  w a y  d e c i s i v e  f o r  e u k a r y o t i c  c e l l  f u n c t i o n .  
W h e t h e r  t h i s  f u n c t i o n  l i e s  i n  t h e  r e g u l a t i o n  o f  c a l m o -  
d u l i n  d e g r a d a t i o n  o r  i n  a s p e c i f i c  f u n c t i o n a l  c h a n g e  ts  
s t i l l  u n c l e a r  [! 2]. 
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